Low-field 1 H nuclear magnetic resonance (NMR) transverse relaxation was used to measure water mobility and distribution of water in fresh cod fillets. The NMR relaxations were analysed with the so-called SLICING method giving uni-exponential profiles from which the transverse relaxation time (T 2 -values) and the relative sizes of the water populations were calculated. Two water populations with the T 2 -values of 50 and 94 ms were obtained. The shortest relaxation time was primarily found near the head, and water with the longest relaxation time was primarily found near the tail. This variation can be explained by the smaller muscle cells and muscle fibers in the tail, which may influence the distributions of water into the different pools. The amount of one of the water populations was correlated to the overall water content with a correlation coefficient of À0.94.
Introduction
Water is one of the most important components for the quality of food matrices including fish muscle. Water influences quality attributes such as appearance, texture and storage stability. The water content of fish muscles can be separated into different populations according to the mobility and how tight the water molecules are bound to the muscle structure. It is not only the total amount of water that is important for the overall quality of the product, but also its state and mobility (Ruan and Chen, 1998) . The heterogeneity within biological materials has implications on the results of most types of analyses made on that material. Therefore, it is important to know about this variation before analysing musclebased food. Only very few studies have tried to characterize the heterogeneous distribution of the water content in lean gadoid fish species. Dambergs (1963) showed an increase in the overall water content of cod from the head-end to the tail-end. There was an inverse relationship between water and protein content within the fish muscle basically because these are the only significant components in the muscle. This paper describes the distribution of water within cod fillets. The variation in water content and the variation in the populations of water within cod fillets will be investigated by measuring the water content physically and by measuring NMR relaxations. Low-field 1 H nuclear magnetic resonance (NMR) measures the mobility of protons and is therefore a direct technique for investigating both the total quantity of water and the state of water within the fish muscle. Low-field 1 H NMR has been used to measure and describe changes in properties of fish muscle occurring during frozen storage and processing (Lambelet et al., 1995; Steen and Lambelet, 1997) and for investigating quality attributes of pork meat (Larsson and Tornberg, 1988; Brøndum et al., 2000; Bertram et al., 2001) . The use of a fast bench-top NMR hardware makes it possible and easy to acquire entire relaxation curves. In this paper, these will be analysed with a multivariate techniqueFSLICINGFenabling interpretation of the underlying phenomena of the measurements. SLICING is a chemometric tool that resolves multivariate data, where the signals measured are an additive sum of exponentials. SLICING has been used for describing NMR relaxations of frozen and chill stored cod fillets (Jensen et al., 2002) , and minced and processed meat (Pedersen et al., 2001) .
Materials and Methods

Materials
Five cod were caught in Øresund, Denmark, in August 2000. They were immediately brought to the laboratory where they were stored on ice for 5-7 days such that all fish were in a post-rigor state when they were measured. The five fish were coded A-E and were weighed before filleting. The weights were 1.0, 0.7, 0.6, 1.3 and 1.5 kg for the fish, A, B, C, D and E, respectively. Only one fillet from each cod was used for the analyses, since it was supposed that there was no difference between the two sides of the fish.
NMR measurements
The cod fillets were divided in squares of 1.5 cm 2 retaining information on the anatomical position of the square. The samples were taken from each of the squares such that one sample is measured for every 1.5 cm both in the horizontal and the vertical direction of the fillet. The number of samples measured was 59, 37, 38, 58 and 62 for the five fish, respectively, giving 254 samples in total. Each of the samples were weighted and prepared for the measurements. Blood, bone and red muscle, though, were manually excluded from the samples. The measurements were performed on a Maran Benchtop Pulsed NMR analyser (Resonance Instruments, Witney, U.K.) operating at 23.2 MHz and equipped with an 18 mm variable temperature probe head. The receiver was adjusted to 3% and the receiver delay was set to 6 s. Previous experiments showed that a receiver delay of 6 s was enough for recovering of the magnet. Transverse relaxations were measured using the Carr-PurcellMeiboom-Gill (CPMG) sequence (Carr and Purcell, 1954; Meiboom and Gill, 1958) . For each measurement eight scans were performed with 1024 echoes and Tau at 500 ms. Tau is the 90-1801 interpulse spacing in the CPMG sequence. Only even echoes were recorded, which gives 512 echoes measured for each sample. All measurements were performed at 4 1C. Before measuring, the samples were equilibrated for 30 min at the chosen temperature. The fish were introduced into the NMR probe by placing samples of 2-4 g into glass tubes that matched the inner diameter of the 18 mm NMR sample tubes. The sample preparation was performed as carefully as possible in order not to alter the muscle structure by the manual treatment.
Water content
The water content was determined on exactly the same samples as were used for the NMR measurements, after the NMR relaxations were measured. The fish samples were kept in the small glass tubes and dried overnight at 110 1C. They were weighed before and after drying.
Data analysis
The measurements of six of the squares taken from the fillet were considered as outliers. Three of these were removed because of extreme water content, due to measurement errors. The three remaining outliers were removed due to high modeling residuals in X and Y, caused by errors in the NMR-measurements. The decay of mobile protons is measured by 1 H low-field NMR relaxations. In cod, the protons that can be measured with low-field NMR will almost exclusively be found in the water molecules. Thus, the amplitude of the signal will depend on the amount of water in the sample and thus the weight of the sample since all the samples contain approximately the same concentration of water. In order to properly handle the fact that the measured samples are of different weight, the measurements are normalized using maximum normalization. By this method, the Fig. 1 Normalized CMPG curves. Each line represents the relaxation curve of one sample. Only some of the samples are shown lwt/vol. 35 (2002) No. 8 maximum of each relaxation curve is set to one and all other elements in the profile scaled accordingly.
Theory of SLICING. The normalized CMPG relaxation curves, illustrated in Fig. 1 , are sums of exponentially decaying curves.
Àt=T 2;n Eqn ½1
Where A(t) is the NMR signal, N is the number of exponential components, and M n is the amplitude of the nth exponential and thus a measure of the relative concentration. T 2,n is the corresponding spin-spin relaxation time constant and t is the acquisition time. Due to the normalization, the sum of the amplitudes (M n ) is one. Equation [1] represents the ideal case of the NMR signal. In real samples there will always be some noise, and a noise factor should then be included in the equation. SLICING is a method based on the principles of direct exponential curve resolution algorithm (DECRA) (Windig and Antalek, 1997) . The idea is to split the spectrum into two (or more) overlapping parts (slabs), where the size of the overlap is determined by the lag term generating a three-dimensional array. Most of the relaxation curve is present in both slabs. This operation is illustrated in Fig. 2a . The dimensionality of the matrix will then increase from
Below, this will simply be shortened to I Â J Â K. The three-dimensional array (X) has the size I Â J Â K and contains the elements x ijk , where the first index (i) refers to the samples, the second ( j) refers to the time and the third (k) refers to the slab number. It can be shown that the rearranged three-way data follow a socalled PARAFAC model (Eqn [2] ) (Harshmann, 1970; Bro, 1997) when the original data is of the form described by Eqn [1]
The element x ijk is the original value in the position (i, j, k) of the data cube X. a Kf is the object score (magnitude) for factor f (first mode), b Kf is the estimated decay curve for the pure component f (second mode), and loading c Kf gives the ratio between the different slabs (third mode). The term e ijk contains residual variation not captured by the model. Another way of presenting the PARAFAC model is shown in Fig. 2b . The X-cube represents the sliced data array. In the figure, the array is decomposed into two sets of factors, where each of these sets is called a triad. The factors (triads) are found simultaneously via an alternating least-squares algorithm (Bro, 1997) and are represented by a set of a-c. The E-cube to the right represents the noise that is left unmodeled. Noise is here defined as the variation in the data that contains no chemical information. Ideally, the estimated decay curves (b) are uni-exponential and by fitting one exponential to these, the corresponding T 2 -value can be found. If the residuals show random behavior and no systematic trend, it can be presumed that only noise is left unexplained and hence the N estimated profiles explain the variation in the data up to the noise. Furthermore, if the model is adequate each second mode loading should be exponential because the PARAFAC model can be shown to uniquely recover the underlying model when correctly specified (Windig and Antalek, 1997) . If too many components are extracted, the curves will reflect this, one or more being nonexponential. The appearance of the spectral loadings, bootstrapping (Wehrens et al., 2000) by the use of split-halves (Harshmann and de Sarbo, 1994) and the distribution of the residuals will be used to estimate the right number of components.
Results and Discussion
According to Love (1970) there are no systematic differences between the chemical composition of the left and the right fillets of cod muscles. Thus, analyses performed on one of the fillets (left or right side) are used in this study to determine the general distribution of water within a fish. Figure 3 visualizes the distribution of the water content over the entire fillet. The figure shows the water content is made on the three-way data from (a) lwt/vol. 35 (2002) No. 8 as a function of the distance from the head. Generally, there is an increase in the water content going from the head to the tail. It seems that the smaller fish A-C have a similar water content distribution. Going from the head to the tail, the water content is getting a little lower towards the middle of the fish. Beyond that the water content increases with the highest content found at the tail-end of the fish. Fish D and E do not have the same distribution. The water content increases constantly from the head towards the tail. However, at some point the water content stops increasing, and in the last points it even decreases, especially for fish E. It is probable that this is reflecting a fundamental difference between smaller and bigger fish, but this cannot be investigated further with the present data.
Distribution of the water content
The results correspond to the results obtained by Dambergs (1963) . There, cod fillets were divided in three parts (head, middle/belly and tail) and showed an increase in water content going from the head to the tail. The results obtained by Dambergs (1963) were found as an average over the whole year and it is likely that the same variation would have been obtained in this study if more experiments were performed at other seasons. The opposite variation in water content was found in catfish and herring (Brandes and Dietrich, 1953; Jafri, 1973) , which both have a higher fat content than cod. Cell sizes and muscle fibers are smaller towards the tail compared with the rest of the fillet. This may have an influence on the distribution of the water content within the fillet corresponding to the results shown in the figure. Furthermore, the lower water content around 10 cm from the head seen for fish A-C can be explained by the fact that the largest muscle cells and muscle fibers are found around myotome number 12 (Love, 1988 ). An effect of sampling may explain some of the unexpected variations such as the decrease in water content in the outermost end of the tail. In some cases especially in the tail where very small samples are obtained, it is possible that a little part of red muscle is included in the samples because of the difficulty in separating red and white muscle in those small pieces of muscle flesh. Since red muscle has lower water content (Mannan et al., 1961) , it can explain why the water content decreases at the tail end.
SLICING modeling
The two-dimensional data were sliced using a lag of 1, and with two slabs, increasing the dimensionality of the matrix from 248 Â 512 to 248 Â 511 Â 2.
Choosing the optimal number of factors. Figure 4 illustrates the results obtained from slicing models with two or three factors. From the loading plot (Fig. 4a) it is clear that the two first factors are both exponential, indicating that at least two populations of water are present. It is imperative that the right number of components are chosen in the model, because all components change with the total number of components. For example, the faster relaxing factor has a T 2 -value of 49.8 and 49.5 ms for the two-and three-factor models, respectively. The second T 2 -values are 104.3 and 81.5 ms. The third factor for the three-factor model is probably not exponential, since it does not seem to decrease towards zero, but rather to a limit of approximately 0.03. There might be two reasons for this behavior: either the model is overfitted, or there is some kind of offset in the data. The offset may be due to the way data are collected in that all data were constrained to have positive values (H.T. Pedersen, pers. commun.). Figure 4b shows the residuals along the time axis for the two-and three-factor models. From this figure, it is clear that some information is gained by going from two to three factors. Thus, application of a three-factor model could be an advantage. Furthermore, when increasing the model complexity from two to three factors, the residuals become less structural as can be seen in Fig. 4b .
Corrections of the data. The possible presence of a minor third factor could be caused by an offset effect (Fig. 4a) , as noted above. In order to investigate if the model could be improved by correcting for this artifact, the mean of the last 50 measuring points are subtracted from the whole spectra. The correction is done sample wise and is based on the assumption that the decays are measured sufficiently long so that the signal should effectively be zero unless there are offsets. As can be seen from Fig. 4c , the second mode loadings for the third factor has become exponential by the correction indicating the presence of a third minor factor. However, upon studying the scores (Fig. 4d) of the third factor, it becomes clear that some of these are negative, which gives no chemical meaning. Thus, only the two main factors give strictly positive score values.
Bootstrapping. To support the conclusion of a twofactor model, and further investigate the effect of correcting the data, bootstrapping (Wehrens et al., 2000) is performed. Two-and three-factor SLICING models are made on 100 split-halves (Harshmann and de Sarbo, 1994) of the dataset with raw data and of the corrected data, giving rise to 4 Â 200 models in total. For comparing the results from the bootstrapping, uniexponential fits to the second mode loadings are made. Mean and standard errors of the uni-exponential fits are calculated and are given in Table 1 . Since the sample sets contain the same water populations, the standard error of the T 2 -values should be as small as possible. Large standard errors indicate an unstable model, hence too many factors. By investigating the results in Table 1 , it becomes clear that for both datasets the standard error of the third factor is very large. Furthermore, it was found that only 45% of the three-factor models made with corrected data have three exponential second mode loadings. The correction seems appropriate for the twofactor model since the standard error decreases going from the noncorrected to the corrected data. The bootstrapping thus supports the conclusion that the two-factor model is the optimal, but that the corrected data should be used. For the two-factor model made on all data corrected for the offset, the fast relaxing factor has a T 2 -value of approximately 50 ms and the slower relaxing factor has a T 2 -value of 94 ms. Thus, one of the water populations is relatively tightly bound to the muscle structure and the other is less tightly bound. Lambelet et al. (1995) obtained T 2 -values of 1 and 65 ms by exponential fitting. The low T 2 -value was only obtained when tau was as low as 12 ms. In the present experiment a tau of 500 ms was used and it therefore seems reasonable that a component with a T 2 -value of 1 ms could not be detected. Modeling only one component gave a T 2 -value of approximately 66 ms, which agrees with the slower relaxing component obtained by Lambelet et al. (1995) . It seems that SLICING gives a possibility for identifying two water populations with great similarities, which could not be identified with the bi-exponential fitting as was used by Lambelet et al. (1995) . Another study made on frozen-thawed cod gave three exponential components (Jepsen et al., 1999) . These had T 2 -values of 34, 62 and 526 ms. Four populations of water with T 2 -values of 37, 56, 126 and 361 ms were obtained by the SLICING technique applied on NMR-relaxations of minced frozen-thawed cod (Jensen et al., 2002) . The two components with the T 2 -values of 56 and 126 could correspond to the water populations obtained in the present study. Thus, it seems as two more water populations are developed during processing such as mincing or freezing. Furthermore, the variation in T 2 -values between this study and other studies may be due to variations in the sample preparation, season, places of catch, etc. Differences in instrumentation, parameters used and the ways of analysing the data may also cause a variation in the experimentally determined T 2 -values. For whole, minced and homogenized pork three exponential components were obtained by distributed exponential fitting (Fjelkner-Modig and Tornberg, 1986; Larsson et al., 1988; Bertram et al., 2001) . As mentioned, only two components were obtained in the present study. It might be that fresh fish muscle in contrast to pig muscle contains only two populations of water. Furthermore, the variation and/or the content of the third water population may be so small that it cannot be described by the method used here. Table 1 Mean relaxation times (in ms) and the standard error of second mode loadings obtained from two and three factor bootstrapping on 100 split-half models performed on both noncorrected and corrected data. The number of samples for these tests is 248. lwt/vol. 35 (2002) No. 8 Interpretation of the SLICING model Distribution of the different types of water between the cod fillets. The score values (first mode) describe how much each water population contributes to the NMR relaxation phenomena and may thus be used as a measure of the relative concentrations of the populations of water. Figure 5 shows a score plot of factor one (relating to T 2,1 ) vs. factor two (relating to T 2,2 ) of all the fish. The plot is coded according to each of the fish (A-E). The ellipses are made for helping in the interpretation of the plot. The ellipses are centered in the mean of each fish along each of the two axes. The range in each direction is the standard deviation for that fish's scores in the specific direction of variation. By comparing Fig. 5 with Fig. 3 , it might seem odd that fish B and D look so similar in Fig. 5 . However, by investigating Fig. 3 further, and taking into account that the NMR-signal is mostly due to the water in the fish, it comes as no surprise that fish B and D overlap in Fig. 5 . The range of the water content for fish B is higher than for fish D, but the range of the water content of fish D is inside the range of fish B. Therefore, it is expected that the ellipse for fish D should be inside the ellipse for fish B, which also is the case in Fig. 5 . From Fig. 5 , it is seen that the samples from the five fish are grouped together illustrating some variation among the fish. The grouping shown in Fig. 5 can be related to the average water content of the five fish. Fish E has the highest water content of 82.02/100 g, fish B and D have the next highest of 81.53/100 g and 81.20/100 g, respectively, whereas fish A and C have the lowest water content of 80.74/100 g and 80.53/100 g, respectively.
There is an inverse relation between these two types of water. The reason for this is that by normalizing the spectra to one, the scores will approximately add up to a constant value. Thus, when there are only two factors in the model and the noise level of the raw data is low, the score values will be highly correlated.
Comparing heterogeneity within the fish. Figure 6 illustrates the scores of the first factor vs. the relative position of each sample. The scores are obtained from the two-factor SLICING model made on all fish with correction for offset. The results will be more or less the same if the figures are made using the results obtained from PARAFAC models made on each fish (figure not shown). Further, if the scores from the second factor were used instead of the scores from the first, the same results would be obtained. This, however, is of no surprise since the two factors are highly correlated.
There is a clear relation between the scores obtained from the PARAFAC model and the position of the sample. The black line in each figure is the 'best line' fitted to minimize the distance from every sample to the line (corresponding to the first component in a PCA).
The correlation coefficients illustrate that fish A, C and E are fairly homogenous, whereas the largest correlation between the score values and the horizontal position is found for fish B ( Table 2 and Fig. 6 ). However, the same results are not obtained by looking at the range of the values, where the greatest variation is found for fish E. The low correlation and large range obtained for fish E seems to be due to a curvature in the score-values, and is consistent with what is seen in Fig. 3 . Fish A has two samples close to the head, which have fairly low scorevalues compared to the others. By removing these two samples, the correlation coefficient increases to À0.66. It becomes clear that fish A is homogenous up to the tailend where the score values start to drop. Fish C seems to be homogenous in the middle of the fish, while to both sides of the middle there is a steady decrease of the score values. The reason why fish A and C in some part of the fillet are more homogenous than the other fish is not known. There are some samples near the tail of fish D, which clearly do not follow the trend of the other samples. This might be due to some red muscle being included in the samples, and as mentioned earlier, red muscle contains less water than white muscle and will thus give a different signal. If these few samples at the tail-end of the fish are removed, the results for fish D improve, giving a correlation coefficient of À0.88. Thereby, the relation between the score values and the sample position increases resulting in a larger correlation coefficient than is obtained for fish B.
The negative correlation between the score values of the two factors means that samples with a high content of the water population described by factor one will have a low content of the water population described by factor two. Thus, samples from the head part contain more of the fast relaxing component, whereas samples from the tail part contain more of the slow relaxing component. This is consistent with theory. The muscle fibers are smaller towards the tail where the cell sizes also get smaller (Love, 1970) . It is suggested that a separation of the water into two populations is due to an anatomical compartmentalization. The water with the shortest relaxation time is likely intracellular water and the water with the longest relaxation time is extracellular water (Cole et al., 1993) . In that case the intracellular water that is found in a higher amount near the head is bound more firmly to the muscle fibers than the extracellular water. The more loosely bound extracellular water is found in a larger amount near the tail. The relative size of intra-and extracellular water is in agreement with the variation in cell and muscle fiber sizes. Furthermore, the distribution of the score values is in accordance with the theory of the separation of water into the intracellular and the extracellular parts. Above, it was shown that the score values of the first factor decrease when samples are taken from a position closer to the tail. This was also the case for the overall water content (Fig. 3) . Therefore, the relative amount of each water population may correlate to the total amount of water. This is illustrated in Fig. 7 where the water content is plotted against the score values of the first factor. It is illustrated that there is a linear relation between the two parameters. Furthermore, a correlation coefficient of À0.94 is found. This variation in water content and content of the different water populations illustrates the importance of how sampling is performed when instrumental measurements are performed on a small part of the fish. As mentioned, other studies have already shown the multi-exponential distribution of water within muscle tissue. However, low-field NMR combined with SLI-CING is a new way of analysing the states of water in various products. Compared with exponential fitting, SLICING is a fast, easy and stable method giving the underlying exponential decays of the NMR relaxations. When analysing the NMR relaxations of fresh cod fillets, it has been shown that two populations of water can be identified. The concentration of the populations varies within the length of the cod fillet and seems to be related to the overall water content. Thus, these results illustrate the possibility for studying the distribution of the populations of water between and within other fish species.
